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Introduction
Fiber-optical transmission of microwave (MW) and millimeter-wave (MMW) signals in the

λ=1.55 µm wavelength window has become an intensive research area of MW photonics recently [1].
A main field of potential applications is the optical transmission and wireless distribution of
broadband data in future picocellular access systems [2-5]. A seemingly simple solution utilizes very
high-speed external modulators or direct modulated lasers and ultra-fast optical receivers for
MW/MMW signal distribution over the optical network. Then in the last few hundred meters the
optically fed base station is connected to the subscribers by MW or MMW radio channels. The
increasing demand for higher and higher carrier frequencies in the radio channels requires even
MMW optical links. Amplification is performed in the optical path by Erbium-doped fiber amplifiers
(EDFA). However, chromatic dispersion of standard singlemode fibers (SMF) at λ=1.55 µm leads to
a drastic penalty in detected signal strength [4-7].

MW/MMW optical link models
Usual MW fiber-optical link models predict the overall link performance (link gain, noise figure)

based on an incoherent model, where the optical signal is intensity modulated (IM) by a MW or
MMW envelope [8]. The modulated optical power is injected into the fiber, where losses are taken
into account to determine the received optical power. Since this model is based on the intensity
instead of the optical field, such phenomena as chirp, chromatic or polarization mode dispersion
cannot be handled. The validity of incoherent link models at λ=1.55 µm is therefore limited to few
hundred meters and to rather low IM frequencies (below 3 GHz). The output optical spectra of either
direct modulated lasers or external optical intensity modulators contain satellite peaks around the
optical carrier [3, 4, 9]. At very high IM frequencies falling into the MMW range, these satellite
peaks have a frequency separation in the orders of several 10 GHz, so they propagate with different
speed in the optical fiber due to chromatic dispersion. The typical dispersion value of standard SMFs
is about 17 ps/nm/km. As a result, depending on the fiber length and the IM frequency, a complete
rejection of the modulation content can happen. Until now only analytical models explained the
effect of chromatic dispersion [6, 10], but a general simulation method has not been reported. The
main difficulty of analytical models is in the large number of different link architectures. For each
specific problem a new analytical model should be derived.

Coherent model of the optical link
Based on a coherent model we developed a general simulation tool for analyzing different fiber-

optical link architectures [11]. This model predicts link performance numerically by using building
blocks of direct or external modulation, dispersive fiber and coherent photodetection at the receiver
side. The optical field at the single-frequency modulated LD output is written as :
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where β is the usual frequency modulation (FM) index, φ(t) is the phase noise term and θ is the phase
delay between AM and FM. Its typical value is between 0 and -π/2. Usually Eq.1 is simplified as [9] :
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where θa is the phase lag in addition to π/2. As indicated, θa is frequency and optical power
dependent. In the case of external modulation by a dual-electrode interferometer the optical field is :
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where ΘRF represents the phase difference between the driving RF signals of the two electrodes. γi

and αi are the normalized DC and RF voltages driving the modulator arms, respectively. A special
case of Eq.3 is given by γ1=-γ2=γ/2, α1=-α2=α/2 and ΘRF=0. These values result in the important case
of the balanced push-pull Mach-Zehnder modulator (MZM) :

( ) ( )E t E t to o RF( ) cos cos cos= +⎡
⎣⎢

⎤
⎦⎥

ω γ π α π ω
2 2

 . (4.)

For γ2 =α2 =ΘRF = 0, γ1 ≠0 and α1 ≠0 we arrive to the single electrode MZM :
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In general ωRF1 = ωRF2, since only one RF signal modulates the MZM. In some cases however,
optical-microwave mixing is required [5, 9], therefore in a general model ωRFi may be different. The
optical field in frequency domain is expressed by Fourier transform of the field given in time domain
in Eq.1-5. Finally, the output optical field at the fiber end is calculated as :
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where L is the fiber length and β(ω) is the propagation factor. Based on Eq.1-6 and using FFT we can
calculate the output optical field. Due to quadratic photodetection, the current of an ideal PD is
proportional to the optical intensity :
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The general model is shown in Fig.1. As indicated, also the non-ideal frequency response of the
modulator and of the photodetector can be taken into account.
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Figure 1. Coherent model of polarization maintaining fiber-optical link as used in our computer simulations



Simulation results

Fig.2 shows the detected power of the optically transmitted signal using classical externally
modulated optical link. The effect of chromatic dispersion is clearly seen resulting in periodic
rejections as a function of fiber length L and modulation frequency fRF.
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Figure 2. Detected power level of MW signal transmitted
optically in dispersive fiber. ( Linear modulator bias of

γ=0.5, α=0.25, D=17ps/km/nm, RPD=0.35 A/W )

Figure 3. Detected 2nd harmonic level after transmission in
dispersive fiber, (fRF =12 GHz, α=0.25,

D=17ps/km/nm, RPD=0.35 A/W ).

To avoid chromatic dispersion, several proposals have been reported. Fig.3 plots suppressed
carrier optical modulation (SC-OM) achieved by a normalized modulator bias of γ=VDC/Vπ=1 [6]. At
this special bias 2nd harmonic of the 12 GHz modulation signal is generated. Advantageously, SC-
OM is unaffected by chromatic dispersion. Single sideband optical modulation (SSB-OM) offers a
further perspective solution of dispersion-free optical transmission of MW/MMW signals at 1.55 µm.
One SSB-OM method filters out optically one of the sidebands [12]. Another solution uses dual-
electrode optical modulator [10]. The MW modulation signal is splitted into two, and a θRF = 90°
phase difference is introduced between the drive signals. As presented in Fig.4 at γ=0.5 lower
sideband optical modulation (LSB-OM) while at γ =1.5 upper sideband optical modulation (USB-
OM) is generated. Fig.5 shows the detected first harmonic power level as a function of modulation
frequency and fiber length, respectively. The modulator bias is γ=0.5 and θRF =90° to achieve ideal
SSB-OM. It is worth to compare Fig.5 to Fig.2, the detected level has somewhat decreased but
rejections are avoided.
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Figure 4. Detected power level of first harmonic vs.
normalized modulator bias γ and fiber length L

( fRF =12 GHz, α=0.25, ΘRF=90°, D=17ps/km/nm ).

Figure 5. Detected level of LSB-OM first harmonic
( γ=0.5, α=0.25, ΘRF =90°, D=17ps/km/nm,

RPD=0.35 A/W ).

Finally, we demonstrate a remote upconversion method based on an all-optical device inserted in
the MW optical link. A laser diode is directly modulated by two MW frequencies and an unbalanced
Mach-Zehnder interferometer (UMZI) performs optical FM/AM conversion. Now the transfer



function of the fiber is simply multiplied by the transfer function of the UMZI. This way optical-MW
upconversion is obtained due to quadratic photodetection [13, 14]. Dispersion sensitivity of this
configuration is also investigated by simulations supposing D=17 ps/km/nm fiber dispersion at
λ=1.55µm. Fig.6 and Fig.7 show first and 2nd harmonic power levels after quadratic photodetection.
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Figure 6. Detected upconverted level at fRF1+ fRF2

vs. dispersive fiber length L and fRF1, fRF2=4.5GHz.
Figure 7. Detected level of the second harmonic of the
upconverted signal vs. dispersive fiber length L and fRF1
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